Heat shock (HS) at 40°C was given to the root system of Nicotiana tabacum wild type (WT) and to HSIPT transgenic plants transformed with the bacterial cytokinin biosynthesis gene isopentenyltransferase (ipt) cloned behind the heat shock 70 promoter from Drosophila melanogaster. HS increased cytokinin concentrations in roots and leaves of transgenic plants. The effect was smaller in WT plants and restricted to upper leaves. HS also increased the activity of the cytokinin-degrading enzyme cytokinin oxidase in leaves of transgenic plants. This suggests that increases in cytokinin concentration induced by HS were lessened but not eliminated by increases in cytokinin oxidase. Elevated levels of zeatin riboside (the main transportable form of cytokinin) were also found in the HS-treated roots. It is proposed that increases in leaves were the outcome of increased transport of this hormone from roots in the transpiration stream. In conjunction with increased leaf cytokinin concentration, HS treatment to the roots increased stomatal conductivity and transpiration in both transgenic and WT plants. Subsequently, increased transpiration depressed leaf relative water content. This, in turn, raised leaf abscisic acid (ABA) concentrations, resulting in stomatal closure. It is concluded that the preceding increases in leaf cytokinin concentration, stomatal opening, and faster transpiration resulting from the localized induction of ip gene expression in roots strengthens the concept of cytokinin involvement in root to shoot signalling.
Introduction
Intensive study of cytokinins in the 50 years since they were discovered has revealed an involvement in many developmental processes, notably in cell division and cell extension, nitrate uptake, metabolism, signalling, chloroplast formation and functioning, release of apical dominance in the shoots, and delay of leaf senescence (Mok and Mok, 2001) . Identification of the genes controlling metabolism of cytokinins has led to the use of mutant and transgenic plants with either a deficiency or excess of cytokinins to probe the mechanism of cytokinin action (Werner et al., 2003; Havlova et al., 2008; Kuderova et al., 2008; Rodo et al., 2008) . However, despite this long research history, the involvement of these plant hormones in long-distance root to shoot signalling has been doubted (Jackson, 1993) even though cytokinins were the first plant hormones to be proposed as root-derived signals affecting shoot development. This role was suggested in experiments where interruption of xylem transport from roots to shoots led to symptoms in the leaves that could be mitigated by application of cytokinins to the leaves (Kulaeva, 1962) . This approach had been widely used in animal endocrinology, and its application to tobacco plants by Kulaeva strongly suggested that cytokinins produced in roots and transported to shoots with xylem sap influence shoot behaviour.
Many external factors have been shown to affect cytokinin concentrations in plant tissues (Hare and Van Staden, 1994; Kudoyarova et al., 2007; Vysotskaya et al., 2009) . It is often suggested that a decline in cytokinin export from the roots to the shoots serves as a long-distance signal of stress in the root environment that has adaptive effects on the shoot (Kulaeva, 1962; Aloni et al., 2005; Hirose et al., 2008) . One argument against this idea was the discovery that shoots as well as roots produce cytokinins (Wang and Wareing, 1979; Miyawaki et al., 2004) . However, this in itself should not be seen as strong evidence against involvement of cytokinins in root to shoot signalling since another hormone, abscisic acid (ABA), also known to be synthesized in leaves as well as in roots (Xiong and Zhu, 2003) , is widely accepted as an effective root to shoot signalling hormone (Gowing et al., 1993; Hartung et al., 2002; Davies et al., 2005) . Doubts over the ability of cytokinins to serve as effective root to shoot signals were initiated by research such as that of Wang and Wareing (1979) who found that cytokinin concentrations in rootless shoots of Solanum andigena remained undiminished by up to 30 d while apical growth continued strongly. More recently, expressing the bacterial cytokinin biosynthesis gene isopentenyltransferase (ipt) in transgenic roots of tobacco grafted to wild-type (WT) shoots failed to produce cytokinin-like responses in the shoot such as strong lateral shoot outgrowth (Faiss et al., 1997) . This was interpreted as evidence of the 'paracrine' action of cytokinins, meaning that cytokinins act in the organs of synthesis (e.g. the leaves) and not remotely after long-distance transport from, for example, the roots. Although the involvement of cytokinins in long-distance nitrate signalling has been convincingly shown in some experiments (e.g. Takei et al., 2002) , the notion of the paracrine action of cytokinins has become increasingly accepted (Riefler et al., 2006; Kurakawa et al., 2007) . Kakimoto (2003) stated that transported cytokinins may be important only when total cytokinin levels are low, for example in nutrient-starved plants, and that the role and mechanisms of long-distance transport of cytokinins are important issues that remained to be clarified.
The aim of the present study was to re-examine the role of cytokinins in root to shoot communication by harnessing ipt transgenic tobacco plants and root-targeted expression of the ipt gene. This was accomplished by coupling the transgene to a heat shock (HS) promoter and warming the roots to 40°C for 1 h to induce local expression. The approach is an advance over that of Faiss et al. (1997) in that shoot responses such as cytokinin concentrations, stomatal closure, and transpiration rate which take place within a few minutes were examined, rather than the relatively slow release of apical dominance studied by Faiss et al. (1997) that took much longer to develop.
Materials and methods
Seeds of WT and transgenic tobacco (Nicotiana tabacum L. cv. Petit Havana SR-1) were sourced as described previously (Schmulling et al., 1989) . The transgenic line (HSIPT) was transformed with a bacterial ipt gene cloned behind the HS protein 70 promoter of Drosophila melanogaster. Seeds were germinated in darkness for 7 d in soil and seedlings were planted into separate pots with a mixture of sand and soil (1:1) and grown under a 16 h photoperiod (illumination from ZN-500 and DNAT-400 lamps) at a PAR photon flux density of 400 lmol m À2 s À1 and a 24/18°C (day/night) temperature. Plants were supplied with mineral nutrients by watering daily with 5 ml of 50% Hoagland-Arnon solution+distilled water to maintain the pots at 60% of full capacity (well-watered plants) by weight.
When plants had developed seven leaves (discounting the cotyledons), local HS was applied to roots by placing the pots in a heated water bath to raise the soil temperature to ;40°C for 1 h. Leaves were insulated from the heat with aluminium foil and air temperatures near the leaves were raised only by a maximum of 2°C above ambient. Transpiration was estimated from the loss of water measured by weighing pots with plants every 15 min. The sand surface was covered with aluminium foil to prevent evaporation directly from the water surface. Leaf conductivity to water vapour loss interpreted in terms of relative stomatal opening was measured with a diffusion porometer (Mk3, Delta-T Devices, UK).
Relative water content (RWC) was determined by floating leaf pieces of known fresh weight (FW) on distilled water for 8 h at 22°C in darkness. Turgid weight (TW) was then determined after blotting, and the dry weight (DW) determined after drying for 24 h at 80°C. FW, DW, and TW were used to calculate the RWC from: (initial FW-DW/saturated FW-DW)3100.
To collect xylem sap, tobacco plants were cut under water and the shoots reconnected to the roots with fine silicon tubes (Vysotskaya et al., 2004) .
For hormone extraction, roots were homogenized in 80% ethanol and incubated overnight at 4°C. After filtration and vacuum evaporation to remove all traces of ethanol, the aqueous residue was divided, and one part was processed for cytokinin purification as described by Vysotskaya et al. (2004) and the other for ABA analysis.
Cytokinins from the aqueous residue were concentrated on a pre-wetted C18 column (Bond-Elut, RP-C 18 ) and, after washing, the column was loaded with 20 ml of distilled water and eluted with 5 ml of 80% ethanol. After solvent evaporation, the dry residue was dissolved in 0.02 ml of 80% ethanol and applied to pre-coated Merck 50320030.25 mm silica gel 60 F-254 thin-layer chromatography (TLC) plates which were developed in 2-butanol:14 M NH 4 OH:H 2 O (6:1:2 v/v/v, upper phase). Cytokinincontaining zones (based on the position of standards) were eluted with 0.1 M phosphate buffer, pH 7.4 for 12 h and added directly to microplate wells in serial dilutions. These were assayed using antibodies against zeatin riboside, which have been shown to be highly specific for zeatin derivatives (Arkhipova et al., 2005) . This protocol successfully separated and assayed zeatin nucleotide (R f 0-0.1), zeatin riboside (R f 0.4-0.5), and zeatin (R f 0.6-0.7). More than 90% recovery was obtained for zeatin, its riboside and glucoside standards. Anti-cytokinin antibodies had high immunoreactivity towards zeatin, its riboside, 9N-glucoside, and nucleotides, which were separated by TLC prior to immunoassay (Veselov et al., 1999) . The antibody showed low cross-reactivity to dihydrozeatin and isopentenyladenine and their derivatives. Reliability of the hormone immunoassays was confirmed by dilution tests, chromatographic examination of the distribution of immunoreactivity, and comparison of the results of immunoassay against liquid chromatography-mass spectrometry (Veselov et al., 1999; Arkhipova et al., 2007) . In graphs showing total cytokinin levels, data are combined values for zeatin nucleotide, zeatin riboside, and zeatin.
For ABA assays, the aqueous residue was diluted with distilled water, acidified with HCl to pH 2.5, and partitioned twice with peroxide-free diethyl ether (the ratio of organic to aqueous phases was 1:3). Subsequently, hormones were transferred from the organic phase into 1% sodium bicarbonate (pH 7-8; the ratio of organic to aqueous phases was 3:1), re-extracted with diethyl ether, methylated with diazomethane, and immunoassayed using antibodies to ABA (Vysotskaya et al., 2004) . ABA recovery calculated in model experiments was ;80%. Reducing the amount of extractant, based on the calculated distribution of ABA into organic solvents, increased the selectivity of hormone recovery and the reliability of the immunoassay. The reliability of the immunoassay for ABA was enhanced by a high specificity of the antibodies to ABA and effective prior purification by a modified version of a previously published solvent partitioning scheme (Veselov et al., 1992) .
Cytokinin oxidase activity was determined as described previously (Vysotskaya et al., 2009) . Shoots were homogenized in 0.1 M TRIS buffer (pH 7.0) and centrifuged at 12 000 g for 30 min. To separate hormones from the sample, an equal volume of saturated solution of ammonium sulphate was added to the supernatant, the suspension re-centrifuged, and the pellet resuspended in 0.1 M imidazole (pH 7.0). A 30 ng aliquot of the cytokinin isopentenyladenosine (iPA) was added as a substrate to the mixture, which was then incubated for 3 h at 37°C. Sufficient cold ethanol was added to each sample to raise the concentration to 60% (v/v); the resulting suspension was incubated at 4°C for 40 min and then centrifuged at 5000 g for 10 min. The quantity of iPA lost by degradation was determined by immunoassay. The absence of conversion of iPA to zeatin or dihydrozeatin derivatives was confirmed using immunoassays employing the corresponding antibodies. The presence of imidazole and Cu 2+ accelerated the loss of iPA, while 1,3-diphenylurea inhibited the process. These tests indicated that the decrease in iPA concentration is specific to its conversion to adenosine catalysed by cytokinin oxidase (Hare and Van Staden, 1994) .
Results
Local application of HS to the roots led to an almost 2-fold accumulation of total cytokinin in the roots of HSIPT transgenic plants, while the concentration in roots of WT plants remained unchanged (Fig. 1) . The cytokinin concentration of the shoot (combined leaves and shoot apex) of transgenic plants was increased 1.5-fold by HS applied to the roots. However, the cytokinin concentration in leaves only (apex excluded) was raised 1.7-fold by the root-applied HS. The slight tendency for cytokinin concentration to increase in leaves of HS-treated WT plants irrespective of the presence of the apex was not statistically significant. The small difference in the impact of HS on cytokinin accumulation in shoots with and without their apex included in the extraction was the outcome of a lesser effect on apical cytokinin (Fig. 2) . Although the cytokinin concentration was greatest in the shoot apex, it remained unchanged by root heating in both transgenic and untransformed plants (Fig. 2) . The cytokinin concentration increased most markedly in upper unfolded leaves. Here an effect of rootapplied HS on WT plants was also seen, but its scale was much smaller that in HSIPT plants. In the leaves of HStreated transgenic plants, zeatin nucleotide increased to the greatest extent, while increases in other cytokinin forms were smaller (Table 1 and Fig. 3 ). This is not unexpected, since nucleotides are storage forms readily converted from transportable cytokinins (Mok and Mok, 2001) . (Fig. 4) .
The total cytokinin concentration in xylem sap collected 1 h after HS treatment was higher than in control. It increased by 1.6-fold in WT plants and by 5-fold in transgenic plants (Table 2 ). The concentration of zeatin riboside in xylem sap of transgenic plants was increased by HS treatment to the greatest extent (by 7-fold). Total delivery of cytokinins to the shoots (concentration3xylem sap flow rate) was increased by local HS treatment and to a greater extent than the increase in xylem sap concentration alone (data not shown). This amplification effect on delivery was due to the associated elevation of the transpiration rate caused by HS at the roots. By 3 h after HS treatment no differences in the concentration of cytokinins in xylem sap was observed in HS-treated compared with control plants (data not shown).
Elevated cytokinin in shoots of HS-treated plants persisted until 3 h after HS treatment was stopped. With time, the cytokinin concentration increased in control leaves of both WT and HSIPT plants ( Table 1) .
The activity of cytokinin oxidase measured in leaves 1 h after the end of HS root treatment was strongly increased in HSIPT transgenic plants but little changed in WT plants (Fig. 5) .
HS treatment did not influence the ABA concentration in roots and it remained similar to that of control (Fig. 6a) ABA concentrations in leaves of plants increased 1.3-fold 1 h after the HS treatment although the effect was not statistically significant until 3 h had elapsed (Fig. 6b) . At this time, ABA concentrations were twice those in leaves of HS-treated HSIPT transformants compared with untreated counterparts. HS also raised ABA in leaves of WT plants although the effect was smaller than in transformed plants (Fig. 6 ). No differences in the concentration of ABA in xylem sap was observed in HS-treated compared with control plants (Table 2) . HS to the roots increased transpiration almost immediately, and rates remained above those of untreated controls for at least 2 h (Fig. 7) . The effect was apparent in both transgenic and WT plants, but was slightly more marked in the former. Within 3 h after treatment, transpiration in HStreated plants slowed to below control rates, primarily because of an inability to match the increases of control plants. Stomatal conductivity was greatest in upper leaves and it was here that the conductances increased most in response to HS treatment (Fig. 8) .
RWC was similar in treated and control plants immediately after return of HS plants to normal temperature conditions. It remained similar to control during the next hour, but then declined and was significantly lower than in the control by 3 h (Fig. 9) .
Discussion
The cytokinin concentration in leaves of tobacco plants was increased by heating the root zone. This could be as a result of an increased production of cytokinins in roots and their export to shoots or as a result of elevated synthesis in leaves themselves. Higher level of cytokinin accumulation in leaves of transgenic plants was seemingly due to induction of ipt gene expression in the roots. This is supported by an increased concentration of cytokinins in HS-treated roots and xylem sap of transgenic plants. The deduction that roots were the source of cytokinins for the shoots was supported by an increased concentration of zeatin riboside in the heated roots (Fig. 4) . This cytokinin derivative is known as the main long-distance transportable form of cytokinin. Although in WT plants no accumulation of total cytokinins was observed in heated roots, increases in zeatin riboside in these roots occurred at the expense of other cytokinin forms. This suggests that extra cytokinins produced in heated roots were likely to have been exported to the shoots. This notion is supported by increased concentration and delivery of cytokinins in xylem sap of HS-treated WT plants.
Expression of the ipt gene is unlikely to be induced in the leaves of the HS-treated plants since the air temperature remained well below the induction temperature of the promoter under which the ipt transgene was regulated. Thus, it is reasonable to conclude that the extra cytokinin accumulated in leaves of transgenic plants after local HS treatment of their roots was due to the export of hormone from roots to the leaves.
There is other more indirect evidence that the roots rather than the leaves were the source of the cytokinin build-up in the shoot. It comes from the observations that no increased accumulation of cytokinins was observed in the apex. This Means of five replicates. Significant differences in cytokinin concentration between HS treatments and controls are indicated by asterisks: *P <0.05; **P <0.01, t-test.
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part has no open leaves to attract significant volumes of xylem. Consequently, only small amounts of cytokinin from roots could be delivered from roots in the transpiration stream. In contrast to these results, in the plants studied by Veselov et al. (1999) , where induction of the ipt gene was induced in the shoots, a high level of cytokinins accumulated in the shoot apex. This supports the contention that in the present work, the site of the enrichment of cytokinin production was not in the shoots but in the roots. Further comparison of cytokinin accumulation in different leaves showed that the effect was not only in lower leaves, but also in upper leaves, which were most distant from the zone of increased temperature. The results support the view that warming of leaves directly from warmer roots is unlikely to be the cause. Increased activity of cytokinin oxidase registered in leaves of transgenic plants after local HS treatment of their roots is also in accordance with additional cytokinin arrival from the roots. Expression of the genes coding for cytokinin oxidase was shown to be located around vascular bundles in leaves (Yang et al., 2002) and up-regulation of the genes is likely to occur through a cytokinin signalling cascade starting from interaction of apoplastic cytokinins with receptors localized in cell membranes (Brugiere et al., 2003) . In accordance with this, it was suggested by these authors that endogenous cytokinins may be protected from the action of cytokinin oxidase through compartmentation, and that the target of the enzyme is apoplastic cytokinins. Thus activation of cytokinin oxidase in leaves of transgenic plants with induced expression of the ipt gene confirms that the extra cytokinins arrived in the leaves from outside, most probably from the roots.
However, it is not sufficient to demonstrate that cytokinins were exported from the roots to prove their functionality as root signals. For this it is also necessary to show that the increase in cytokinin concentration results in some physiological effect. Shortly after HS treatment, stomatal conductivity and transpiration increased, and were higher in transgenic plants in association with a greater leaf cytokinin concentration in leaves and xylem sap. The observed relationship between the increase in cytokinin concentration in the leaves and rate of transpiration suggests a causal link mediated by cytokinin-promoted widening of stomatal apertures.
Exogenous cytokinins have been shown by others to maintain stomata in the open state (Badenoch-Jones et al., 1996) , and changes in endogenous cytokinins correlated with that of stomatal conductivity (Shashidhar et al., 1996; Stoll et al., 2000; Vysotskaya et al., 2004; Veselova et al., 2005) . Involvement of cytokinins in regulation of stomatal conductivity is mentioned in recent reviews (Davies et al., 2005; Dodd, 2005) . It is concluded that the faster transpiration in the plants in the present study was the outcome of cytokinin-induced opening of stomata. ABA is often emphasized as beng a predominant factor controlling stomatal aperture, acting as a promoter of closure (Jackson, 1993; Hartung et al., 2002) . However, shortly after HS treatment to the roots of transgenic tobacco plants, ABA concentrations increase slightly in the leaves, but this did not cause stomatal closure, and transpiration was elevated seemingly due to accumulation of cytokinins. These results indicate that cytokinins rather than ABA controlled stomatal conductivity shortly after HS treatment in the present experiments.
The level of cytokinin accumulation in shoots of plants after heating their roots may have been even higher had cytokinin oxidase not been activated in the leaves of HStreated transgenic plants. It is of interest to consider what may have activated cytokinin oxidase. Water deficit and ABA have been shown to activate cytokinin oxidase (Brugiere et al., 2003) . Activation of cytokinin oxidase was also shown in wheat plants experiencing mineral nutrient shortage (Vysotskaya et al., 2009) . In these experiments, ABA treatment of well-fed plants mimicked the effect of nutritional deficit in terms of cytokinin oxidase activity, while an inhibitor of ABA synthesis prevented activation of the enzyme by nutritional deficit. These data confirmed involvement of ABA in activating cytokinin oxidase. However, in the present work at the time when the enzyme was activated (i.e. 1 h after the HS treatment,), the RWC was similar to that of controls and the increase in ABA concentration was not sufficient to stimulate stomatal closure. It may be that this extent of ABA accumulation was still able to activate cytokinin oxidase. However, it is more likely that cytokinins themselves activated cytokinin oxidase (Brenner et al., 2005) . This suggests that the increase in cytokinin concentration in the leaves of transgenic plants after their root heating activated enzyme activity.
The level of accumulation of ABA 1 h after HS treatment was insufficient to overcome the promoting effect of cytokinins on stomatal opening. However, later, the pattern changed. Accumulation of ABA continued and was accompanied by a decline in transpiration to below the control level 3 h after HS treatment. This further ABA accumulation may well be due to increased water deficit, since by this time the RWC was already below the control level. This increase in water deficit was likely to result from a persistent increased transpiration observed initially in HS-treated plants. Synthesis of ABA is frequently induced by water deficit in plants (Zeevaart and Creelman, 1988) , and increased transpiration may have such an effect. The level of ABA accumulated 3 h after the HS treatment was seemingly sufficient to induce stomatal closure. This equal rate of transpiration in the plants differing in the level of ABA accumulation may be explained by greater cytokinin concentration in the leaves of transgenic plants that is likely to compensate for the ability of ABA to close stomata. So even at this stage, when stomata closed due to ABA accumulation, the effect of elevated cytokinins was still manifested in counteracting the effect of ABA on stomata. The present data show that secondary effects resulting from the initial effects may mask the direct effect of cytokinins. This may explain the results, when root-derived cytokinins failed to influence shoot physiology in the expected way. However, this still does not mean that shoots remained indifferent to cytokinins coming from roots.
The role of cytokinins as distant root to shoot signals was doubted by Faiss et al. (1997) on the basis of data showing that when increased production of cytokinins by transgenic rootstock failed to release apical dominance in the shoots. It was suggested that cytokinin oxidase inactivates cytokinins delivered from roots to shoots, thus preventing the fulfilment of the function of long-distance signals by cytokinins (Werner et al., 2003) . In the present experiments, cytokinin oxidase was activated in shoots after induction of the ipt gene in the roots of transgenic plants. This may have prevented the accumulation of cytokinins to potentially toxic levels. However, the cytokinin concentration was still elevated due to the delivery of cytokinins from roots, and this resulted in increased transpiration. The results are in Fig. 9 . Effect of a 1 h long 40°C HS treatment to the roots of HSIPT transgenic tobacco plants and wild-type plants (WT) on relative water content (RWC) measured 15 min, 1 h, and 3 h after HS ceased in leaves from positions 3-7 inclusive counting from the base. Means of five replicates with standard errors. Significant differences in RWC between HS treatments and controls are indicated by asterisks: *P <0.05.
Effects on shoots of ipt gene expression in roots | 3715 accordance with literature showing that even 'modest' changes in cytokinin concentration may elicit physiological responses (Lochmanova et al., 2008) . Thus, the present experiments support the view that cytokinins from roots serve as long-distance signals that have an impact on shoot physiology.
